background: Ovarian tissue cryopreservation is an emerging fertility preservation option, and culturing follicles isolated from this tissue to obtain mature gametes may ultimately be the best solution for patients for whom transplantation is contraindicated. It is unclear, however, how patient-specific variables (including age, weight and menstrual cycle stage) impact follicle growth and quality during three-dimensional culture.
Introduction
Cancer treatments, while life-preserving, can threaten fertility (Jeruss and Woodruff, 2009; Dohle, 2010; Schmidt et al., 2010) . For many patients, the ability to preserve their fertility prior to initiating treatment is essential for their future quality of life (Gorman et al., 2010) . For females, fertility preservation is a challenge because of the rarity of gametes and the difficulty in obtaining them. To date, several fertility preservation options are available to female patients ranging from oocyte and embryo cryopreservation to ovarian tissue harvesting (Ata et al., 2010; Donnez et al., 2010; Smitz et al., 2010) .
The use of harvested ovarian tissue for fertility preservation is emerging as a promising new option, especially for patients for whom hyperstimulation is contraindicated. For these patients, ovarian tissue can be harvested and used in several ways. For example, the ovarian tissue can be cryopreserved and used for future transplantation to temporarily restore hormonal function and fertility . This technology has resulted in several live human births (Donnez et al., 2011) . However, transplantation in patients with blood borne malignancies carries the risk of reintroducing cancer cells (Meirow et al., 2008) . To avoid this risk, mammalian follicles can be isolated from fresh or cryopreserved † These authors contributed equally to this work. ovarian tissue and grown in vitro using various culture systems (O'Brien et al., 2003; Telfer et al., 2008; Xu et al., 2009b, c; Segers et al., 2010; Smitz et al., 2010) .
We have engineered a hydrogel encapsulation culture system that, unlike other systems, preserves follicular architecture (Xu et al., 2006a; West et al., 2007) . In the mouse, this system supports the growth of pre-antral follicles into antral follicles containing oocytes capable of resuming meiosis and producing metaphase-II arrested (MII) oocytes (Xu et al., 2006a (Xu et al., , 2009a . These MII oocytes are fertilization-competent and can give rise to offspring (Xu et al., 2006a) . Second-generation biomaterials, which incorporate an interpenetrating fibrin-alginate network, have enhanced oocyte quality as measured by morphology in prepubertal mice (Shikanov et al., 2009) . The interpenetrating network creates a mechanical rigidity that decreases with time, allowing the follicle to regulate its own microenvironment (Shikanov et al., 2009) . The hydrogel encapsulation culture system has been extended to non-human primates and humans and has resulted in MII oocytes and oocytes with stage IV germinal vesicles (Gvs) indicative of nuclear competence, respectively (Xu et al., 2009b, c; Xu et al., 2011) . It is not well understood, however, how patient-specific factors including age, weight, metabolic status or menstrual cycle stage, affect in vitro follicle growth and gamete development in such a system.
First, fertility and fecundity have been well established to sharply decrease in women aged 35 and older (Broekmans et al., 2009) . The capacity of assisted reproduction technologies (ARTs) to overcome the maternal age factor is limited in patients older than 40 years (Malizia et al., 2009) . At the same time, a concurrent increase in spontaneous miscarriage is observed in human studies (Hassold and Hunt, 2001; Broekmans et al., 2009) . The observed decrease in fertility has been largely attributed to decreased oocyte quality and increased incidence of aneuploidy (Hassold and Hunt, 2001 ). This phenomenon has also been shown to occur in mouse models where the mechanisms of aneuploidy are currently being investigated (Pan et al., 2008; Duncan et al., 2009) .
Second, obesity impacts at least 30% of reproductive aged women (Nelson and Fleming, 2007) . Obesity is associated with an increased risk of early loss in pregnancies achieved from natural conception and ART (Lintsen et al., 2005; Nelson and Fleming, 2007) . Even when confounding factors such as polycystic ovarian syndrome (PCOS) are excluded from analysis and anovulation is corrected for, studies indicate that higher BMI is still associated with worse IVF pregnancy outcomes (Lintsen et al., 2005; Styne-Gross et al., 2005; Minge et al., 2008; Robker, 2008; Watkins et al., 2008) . The exact mechanisms by which obesity impacts pregnancy outcomes are unclear. Some studies indicate that obesity negatively impacts oocyte and embryo quality, whereas others suggest that the effect is at the level of uterine implantation (Eckert et al., 2007; Robker, 2008) . In parallel to findings in human beings, diet-induced obese mouse studies have shown a wide range of negative reproductive phenotypes in addition to poor outcomes in the offspring from these mice (Igosheva et al., 2010; Jungheim et al., 2010; Robker, 2008) .
Finally, it is speculated that the specific hormonal environment in which a follicle develops can impact its outcome in in vitro manipulations. In vitro maturation studies of oocytes aspirated at the time of tubal surgery have suggested a difference in maturation rates based on the stage of the patient's menstrual cycle at time of aspiration (Cha KY, 1992) . Primate work has also suggested a role of the menstrual cycle, as cultured secondary follicles obtained in the follicular phase grew and survived better than follicles isolated at the luteal phase (Xu et al., 2009c) . However, the initial follicle diameter, which can impact in vitro follicle growth, was larger in follicles isolated from the follicular phase.
Studies investigating how these patient-specific factors affect in vitro follicle growth dynamics are essential to translating this technology into a clinical setting, and significant progress in this area has been achieved recently in non-human primates (Xu et al., 2010) . In the present study, we used a mouse model to systematically investigate how mammalian follicles isolated from animals of different ages, weights and stages of the estrous cycle behave in culture using hydrogel encapsulation. We studied follicle growth, follicle functionality, survival, oocyte meiotic competence and MII oocyte spindle morphology in these cohorts. We chose the mouse model system because it is tightly controlled, highly tunable and to date, it is the only species in which a live birth has been reported using this hydrogel encapsulation culture system (Xu et al., 2006a) . Such mouse studies will be instrumental in informing future studies in non-human primates and women. Our findings indicate that while follicle growth parameters are similar, follicle function and potentially oocyte health are impacted differentially by these factors.
Materials and Methods

Reagents
Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO), immunocytochemical stains and antibodies from Molecular Probes (Eugene, OR) and media formulations from Invitrogen (Carlsbad, CA). Sodium alginate (55-65% guluronic acid) was purchased from FMC BioPolymers (Philadelphia, PA) and fibrin gels were obtained from Tisseel Healthcare (BioScience Division, Westlake Village, CA).
The fibrinogen-containing component of Tisseel was reconstituted in aprotinin (3000 kIU/ml) solution and the thrombin component was reconstituted in 40 mM CaCl 2 , according to the manufacturer's instructions (Baxter, Deerfield, IL). Both solutions were diluted to the appropriate concentrations in Tris-buffered saline solution and alginate aliquots were prepared as previously described (Shikanov et al., 2009 ) and diluted to 0.75% (v/v). Interpenetrating networks (IPNs) were prepared by mixing fibrinogen solution (50 mg/ml) with alginate solution 0.75% (v/v) in a 1:1 ratio, and then adding thrombin solution 50 IU/ml to the mixture in a 1:1 ratio, as previously described (Shikanov et al., 2009) .
Animals
CD1 mice (Harlan Laboratories, Indianapolis, IN) were housed in a temperature-and light-controlled environment (12L:12D) and were provided with food and water ad libitum. From the time of weaning, animals were fed Teklad Global irradiated 2916 maintenance chow for 49 days (D49), 100 days (D100) and 270 days (D270). This chow does not contain soybean or alfalfa meal and contains minimal phytoestrogens. It provides 20% of calories from protein, 11% from fat and 69% from carbohydrates. To obtain D100 mice with the weight similar to the D270 mice (D100*), mice were fed Teklad Global irradiated 2919 breeding chow from the time of weaning. This breeding chow has 20% of calories from protein, 23% from fats and 57% from carbohydrates.
Animals were housed 2 per cage, and 2 weeks prior to use, all animals underwent daily vaginal smears to evaluate cycle stage based on cytology (Caligioni, 2009) . Although 30% of D270 mice did not cycle regularly, only mice that had completed two consecutive estrous cycles were used for the following studies. The D49 cohort was divided into three groups of at least six animals per cycle stage (estrus, metestrus and diestrus). Animals were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the established Institutional Animal Care and Use Committee protocol at Northwestern University.
Metabolic assays
These assays were performed on D49, D100, D270 and D100* mice during the estrus stage with six mice analyzed per age group. Mice used for these metabolic assays were not used for subsequent follicle studies. Intraperitoneal glucose tolerance testing (IPGTT) was performed following a 6 h fast, and 2g/kg of 50% dextrose (Abbott Labs, North Chicago, IL) was injected intraperitoneally. Blood glucose levels were measured using tail blood at baseline (before injection) as well as 15, 30, 60 and 120 min after glucose injection. The blood was placed on Accu-chek Aviva test strips (Roche Diagnostics, Indianapolis, IN), and levels were measured using an Accu-check Aviva automatic glucose meter. Area under the curve (AUC) for each animal was calculated using the trapezoidal rule (Cheung et al., 2005) . Cholesterol was measured in mouse serum using the commercially available fluorometric assay (Molecular Probes, Invitrogen, Carlsbad, CA), which has a sensitivity of 200 nM (80 ng/ml).
Hormone and peptide assays
These assays were performed using D49, D100, D270 and D100* mice. For studies in which age and weight variables were examined, we used an equal distribution of mice at each stage of the estrous cycle. In the D49 cohort, we specifically performed assays at distinct stages of the estrous cycle. To detect serum levels of hormones and peptides, whole blood was obtained using cardiac puncture following ovary harvesting for follicle isolation, and serum was obtained by centrifugation. To assay hormones secreted by cultured follicles, spent culture media from viable follicles isolated from the same mouse were pooled at specific days of culture. All assays were run in triplicate using samples from between 6 and 15 mice per experimental cohort.
Androstenedione, 17b-estradiol (E 2 ) and progesterone were measured from animal serum as well as spent media using commercially available radioimmunoassay kits according to the manufacturer's protocol (androstenedione and 17b-E 2 : Diagnostic Systems Laboratories, Inc., Webster, TX; progesterone: Diagnostic Products Corporation, Los Angeles, CA). The sensitivities for the androstenedione, E 2 and progesterone assays are 0.1, 0.01 and 0.1 ng/ml, respectively. Anti-Müllerian hormone (AMH) and inhibin B were measured in collected serum from individual animals using commercially available ELISA kits (Diagnostic Systems Laboratories, Inc.). Testosterone was determined by extraction radioimmunoassay. The sensitivities for the AMH, inhibin-B and testosterone assays are 0.05, 10 and 0.15 ng/ml, respectively. The mouse FSH radioimmunoassay was performed using reagents obtained from Dr Albert Parlow at the Pituitary Hormones and Antisera Center (Torrance, CA), and the sensitivity was between 1.56 and 3.13 ng/ml. All assays were performed by the Endocrine Technology and Support Core at the Oregon National Primate Research Center (http://www.ohsu.edu/xd/research/centers-institutes/onprc/researchserveices/research-support/endocrine-technology.cfm).
Follicle isolation, encapsulation and culture
Secondary follicles, ranging in average diameter from 150 to 163 mm, were mechanically isolated and encapsulated in Fibrinogen-alginate (FA)-IPNs described previously (Pangas et al., 2003; Kreeger et al., 2006; Xu et al., 2006a; West et al., 2007; Shikanov et al., 2009) . Briefly, FA solution was pipetted onto a parafilm-covered glass slide and individual follicles were pipetted into the droplets. Thrombin solution was then pipetted onto each follicle-containing FA droplet. Droplets were covered with a second parafilm-covered glass slide and transferred to a 378C, 5% CO 2 incubator for 5 min. The FA-IPN beads containing follicles were washed in maintenance media [a\xEF\x80 minimum essential medium (MEM) supplemented with 1 mg/ml bovine serum albumin (BSA, MP Biomedicals, Inc., Solon, OH) and penicillin -streptomycin] and individually transferred to 96-well plates in 100 ml of growth media [aMEM supplemented with 3 mg/ml BSA, 10 mIU/ml recombinant follicle-stimulating hormone (rFSH; A.F. Parlow, National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases), 1 mg/ml bovine fetuin, 5 mg/ml insulin, 5 mg/ml transferrin and 5 ng/ml selenium].
Encapsulated follicles were cultured at 37 o C in 5% CO 2 for 9 days. For each cohort, a total of 3 -4 independent experiments were performed each containing 12 -42 follicles. Every other day, half of the media (50 ml) was exchanged and stored at 2208C for steroid hormone assays. Follicle survival and diameter were assessed using an inverted Leica DM IRB microscope with transmitted light (Leica, Bannockburn). Live follicles were defined as those with intact morphology and the absence of fragmentation in the oocyte or granulosa cells. The average of two follicle diameter measurements were made from the outer layer of theca cells using ImageJ 1.33 U (NIH, http://rsb.info.nih.gov/ij/), based on a calibrated ocular micrometer. Detailed protocols outlining these methods can be found at http://oncofertility.northwestern.edu/ researchers.
Oocyte meiotic competence
In vitro maturation was performed after 9 days of culture, as previously described (Xu et al., 2006b; Shikanov et al., 2009) . Briefly, follicles were removed from the FA-IPN beads by a 10-min incubation in a 10 IU/ml solution of alginate lyase in prewarmed L-15 media, transferred to the in vitro maturation media (containing 5 ng/ml epidermal growth factor, 0.2 IU/ml FSH and 1.5 IU/ml hCG) and then incubated at 378C in 5% CO 2 for 14 -16 h. Following in vitro maturation, oocytes were denuded from the surrounding cumulus cells by treatment with 0.3% hyaluronidase and their morphology was assessed by light microscopy. Oocytes that did not resume meiosis and instead remained arrested in prophase of meiosis I as evidenced by an intact GV were classified as GV-intact oocytes. Oocytes that resumed meiosis and reached metaphase of meiosis II (MII) as evidenced by polar body extrusion were classified as MII-arrested oocytes ( Fig. 2C ; inset). Those oocytes that resumed meiosis but did not reach MII, as evidenced by lack of a both a GV and a polar body, were referred to as oocytes that had undergone GV breakdown. Finally, degenerate oocytes were also documented. We report the distribution of meiotic progression as a fraction of the number of cells in each meiotic stage over the total number of follicles that were in vitro matured.
Immunocytochemistry and confocal microscopy
MII-arrested oocytes were fixed in 2% formaldehyde containing 1% Triton, 0.1 mmol/l Pipes, 5 mmol/l MgCl 2 and 2.5 mmol/l EGTA for 1 h at 378C. Immunocytochemistry was done to detect tubulin, actin and DNA. Oocytes were incubated in primary antibody (a/b tubulin cocktail 1:100; mouse; Sigma) at 48C for 1 h with gentle agitation, followed by a 1 h incubation in secondary antibody (Alexa 633 goat anti-mouse immunoglobulin G 1:500; Molecular Probes) with rhodamine-phalloidin (1:50; Molecular Probes) and ethidium homodimer (2 mM; Invitrogen) at room temperature. Washes in between antibody incubations were done in phosphate-buffered saline (PBS) containing 0.2% azide, 2% normal goat Factors influencing in vitro follicle growth serum, 1% BSA, 0.1 M glycine and 0.1% Triton X-100. Oocytes were mounted in a 50% glycerol/PBS solution. Samples were analyzed on an inverted Leica SP5 Scanning Confocal Microscope equipped with a 100-W mercury arc lamp and were imaged using 40× and 63× objectives. A 3-D reconstruction was created using Z-stacks of the images. Measurement of spindle length from pole to pole was performed.
Statistical analysis
Statistical comparisons were done between D49, D100 and D270 cohorts to directly assess the impact of age and between D100 and D100* cohorts to directly assess the impact of weight. To directly assess the impact of estrous cycle stage, metestrus, estrus and diestrus D49 cohorts were compared. Results are reported as mean + SEM. Statistical analysis was performed with one-way analysis of variance followed by post hoc t-tests with corrections for multiple comparisons. For comparisons between two groups, Student's t-test was used. Values of P , 0.05 were considered statistically significant. Only statistically significant differences are highlighted. Statistical calculations were performed using the software GraphPad Prism version 4.0.
Results
Baseline characteristics of mouse cohorts
We generated distinct mouse cohorts to investigate the effects of age, weight and estrous cycle stage on in vitro follicle growth and function.
For an adult age continuum, we used D49, D100 and D270 CD-1 mice. The D270 mice may represent a population with diminishing reproductive capacity because 30% of the animals in this age group had stopped cycling compared with the other age groups in which all animals had a continuous estrous cycle (Table I) . Furthermore, D270 mice have reduced fecundity compared with younger mice (data not shown). These findings are consistent with published data that mice display an age-associated decline in reproductive capacity (Holinka et al., 1979) . In generating populations of different age mice, we observed that mouse weight increased significantly with age ( Fig. 1A) . D49 mice weighed 30.1 + 0.7 g and D100 mice weighed 32.9 + 1.0 g, which were both significantly less than D270 mice, which weighed 43.4 + 1.5 g (P , 0.001). Therefore, to distinguish between effects due to increasing age versus weight, we generated a population of younger mice with increased body weight. This was accomplished by feeding a cohort of mice a higher fat diet from the time of weaning. Thus, we were able to obtain D100 mice that were similar in weight to D270 mice (Fig. 1A , D100*; 39.3 + 0.7 g. To investigate the role of specific estrous cycle stages on in vitro follicle growth dynamics, we used standard vaginal cytology to identify animals in estrus, metestrus and diestrus. To avoid confounding age or weight factors, we only used D49 mice for the estrous cycle studies. Interestingly, diestrus animals weighed an average of 33.9 + 1.5 g, which was significantly greater than animals in estrus or metestrus, which both weighed an average of 28.9 + 0.9 g (P , 0.05) (Fig. 1B) .
Metabolic and hormonal profiles of mouse cohorts
We next evaluated the metabolic profile, including serum cholesterol and glucose tolerance tests, of animals of different ages and weights. Absolute total serum cholesterol levels were higher in D270 mice compared with the younger cohorts (Fig. 1C) . This difference was statistically significant between D100 and D270 mice, in which serum cholesterol levels were 1.0 + 0.12 and 1.7 + 0.26 mmol/l (P , 0.05), respectively. D100* mice, as would be predicted by their increased weight, had elevated total serum cholesterol levels compared with D100 animals (Fig. 1C, 1 .5 + 0.17 versus 1.0 + 0.12 mmol/l, P , 0.05). These D100* levels were not statistically different from D270 animals. In addition to total serum cholesterol, we also measured blood glucose clearance in response to an intraperitoneal bolus of glucose. In contrast to D100 mice, D100* and D270 mice both had higher peak glucose levels, in response to glucose challenge, that took longer to return to baseline levels ( Fig. 1D and E). Although none of these animals were overtly diabetic, as their glucose levels were ,200 mg/dl after 2 h, D100* and D270 mice did have abnormal glucose tolerance responses that were statistically different from D100 mice (P , 0.05). Similar to the metabolic analysis, serum hormone profiling studies also demonstrated distinct differences between the mouse cohorts. FSH, Inhibin-B, progesterone and testosterone levels did not vary significantly with age (Table I ). There was, however, a significant decrease in AMH levels that occurred with age (Table I) . AMH levels in D49 and D100 mice were 10.8 + 0.6 and 12.0 + 1.1 ng/ml, respectively, compared with 6.8 + 0.7 ng/ml in D270 mice (P , 0.005). When controlling for age, animals with different weights also had characteristic hormone profiles. D100* mice had significantly higher E 2 levels compared with D100 mice (Table I , 22.0 + 3.2 pg/ml, P , 0.05). This increase in D100* animals could be due to increased peripheral aromatization of androgen into estrone. Cross-reactivity of estrone and other estrogen forms in this particular assay has been reported (Korenman et al., 1974) . We also observed an inverse relationship between AMH levels and weight (Table I) . AMH levels were 12.0 + 1.1 ng/ml in D100 mice, but only 8.7 + 0.8 ng/ml in D100* mice (P , 0.005). FSH, Inhibin-B, progesterone and testosterone levels did not vary significantly with weight (Table I) . As expected, there were no significant differences in serum hormone levels on any day of the estrous cycle (data not shown).
Follicle isolation and in vitro follicle growth parameters
To determine how age, weight and estrous cycle stage affect in vitro follicle growth dynamics, we isolated secondary follicles from the various mouse cohorts described earlier. We observed a significant decrease with age in the number of follicles isolated per mouse. Figure 1 Weight and metabolic characterization of mouse cohorts. The average weights of (A) different aged mice (D49, D100, D270 and D100*) and (B) D49 mice in different stages of the estrous cycle (estrus, metestrus and diestrus) are shown. To examine the independent effect of animal weight on in vitro follicle growth, a 100 day-old mouse cohort that was similar in weight to D270 mice was generated (D100*) through diet modification. Differences in weight between D49 and D100 compared with D270 and D100* were statistically significant (P , 0.001). Differences in weight between mice in estrus and metestrus compared with those in diestrus were also statistically significant (P , 0.05). (C) Total serum cholesterol was measured in D49, D100, D270 and D100* mice, and levels in D270 and D100* mice were statistically higher than in D100 mice (P , 0.05). (D) IPGTT analysis was performed on D100, D270 and D100* mice following a 6 h fast and blood glucose levels are shown for 2 h post-glucose challenge.
(E) Blood glucose levels over the course of the test are shown as the AUC. The difference in glucose tolerance between D100 compared with D270 and D100* mice was statistically significant (P , 0.05). With the exception of follicles isolated from D100* mice which started at a statistically larger size and grew to a statistically larger terminal size compared with follicles isolated from D100 mice (P , 0.05), there were no statistically significant differences in follicle growth trajectories among the cohorts examined. Figure 3 Steroid production by cultured two-layered secondary follicles. Levels of steroids secreted by follicles isolated from (A-D) mice of different ages and weights and from (E -H) D49 mice at different stages of the estrous cycle are shown. The steroid hormone profiles include E 2 (A and E), androstenedione (B and F) and progesterone (C and G) levels. In addition, the androgen/estrogen ratio is shown (D and H). Terminal E 2 , androstenedione and progesterone levels were significantly higher in follicles isolated from D49 compared with those isolated from D100 and D270 mice (P , 0.001, P , 0.05, P , 0.05; denoted by *). Follicles from D100* mice also secreted significantly higher E 2 and androstenedione levels compared with those isolated from D100 mice (P , 0.0001, P , 0.05; denoted by **). The androgen/estrogen ratio was significantly increased in follicles isolated from D100* mice (P , 0.0001; denoted by **). Follicles isolated during estrus produced significantly higher E 2 levels compared with those isolated at diestrus (P , 0.05; denoted by ***). Progesterone levels were also higher in follicles isolated in metestrus and estrus compared with those isolated in diestrus (P , 0.05 comparing metestrus and estrus with diestrus; denoted by***).
Factors influencing in vitro follicle growth
Approximately, a total of 14 follicles were isolated from the ovaries of a D49 or D100 mouse compared with only 6 total follicles per D270 mouse ovaries (Table II , P , 0.05). Although not statistically significant, on average fewer follicles were isolated from D100* mice compared with D100 mice, suggesting that increased weight may impact follicle dynamics (Table II , 11.8 + 1.3 versus 13.8 + 0.8). There were no significant differences in the number of follicles isolated per mouse when the data were stratified according to estrous cycle stage (Table II) .
We assessed follicle survival following 9 days of culture in the FA-IPN. Similar to previously reported survival data for follicles isolated from prepubertal mice and cultured in the FA-IPN, more than 80% of follicles isolated from D49 and D100 mice survived (Xu et al., 2006b, c; Shikanov et al., 2009) . In contrast, only 72.1 + 5.0% of follicles isolated from D270 mice (P , 0.001 compared with D49 and D100) and 77.5 + 3.5% from D100* mice survived (Table II) . These data suggest that increased age and weight negatively impact follicle survival. Follicles isolated at diestrus had a lower survival rate compared with those isolated at estrus, and this trend was significant when compared with those isolated at metestrus (Table II , P , 0.05).
The follicles that survived in culture maintained their spherical 3-D structure during in vitro follicle growth ( Fig. 2A-C) . In general, Figure 4 In vitro maturation results and spindle morphology in the oocyte following in vitro follicle growth. On Day 9 of culture, oocytes were in vitro matured by hormonal stimulation, and light microscopy was used to assess meiotic stage (GV, germinal vesicle intact; GVBD, germinal vesicle breakdown; MII, metaphase II-arrested; DG, degenerate). Meiotic progression is shown for oocytes obtained from (A) follicles isolated from mice of different ages (D49, D100 and D270) and weights (D100 and D100*) as well as (B) those isolated from D49 mice at different stages of the estrus cycle. Meiotic progression was independently compared among follicles isolated from mice of different ages, weights or estrous cycle stages. The fraction of oocytes that reached MII was significantly lower in the D270 cohort compared with the D49 and D100 cohorts (denoted by*). The fraction of degeneration observed in the D100* cohort was significantly less than that observed in the D100 cohort (denoted by**). Following in vitro maturation, MII-arrested oocytes were fixed and immunostained to visualize cortical actin (green), the spindle (blue) and chromosomes (red) by confocal microscopy. A minimum of 15 oocytes per cohort was analyzed, and a representative oocyte is shown in (C) (arrow marks the polar body). The spindle length for each oocyte was determined by a pole-pole measurement as illustrated in (C). The spindle length in oocytes from follicles isolated from (D) mice of different ages and weights and from (E) D49 mice at different stages of the estrous cycle are shown. The spindle length was greater in D49 and D100 cohorts compared with the D270 cohort (P , 0.05), as well as in the D100* cohort compared with the D100 cohort. There were no statistically significant differences in spindle length based on cycle stage. secondary follicles grew to large multilayer follicles by Day 7 of culture, and antral cavities were observed on Day 9 of culture ( Fig. 2A-C) . Follicle diameters increased 100% from 150 to 310 mm during the culture period ( Fig. 2D and E and Table II ). There were no statistically significant differences in the growth rates or terminal diameters in follicles isolated from D49, D100 or D270 mice (Fig. 2D and Table II) . Although follicles isolated from D100* animals grew to a statistically larger terminal diameter compared with those isolated from the other cohorts, this may be explained by the observation that the initial follicle diameter in this group was also larger (P , 0.05, Fig. 2D ). The stage of the estrous cycle when follicles were isolated also did not appear to influence follicle growth and terminal diameter. Follicles isolated in estrus, metestrus and diestrus all followed a similar growth trajectory (Fig. 2E) .
Follicle functional assessment
Although in vitro follicle growth parameters were similar regardless of the mouse age, weight or estrous cycle stage, we wanted to determine if follicle function was also equivalent. To examine follicle function, we measured levels of E 2 , androstenedione and progesterone secreted into the culture medium as a way to assess steroid biosynthesis. Follicles from mice of different ages, weights and estrous cycle stages produced increasing levels of these three steroid hormones during the culture period (Fig. 3A-C) . These results indicate that our follicle culture system supports functional follicle development. However, there were key differences in the levels of these hormones produced by follicles isolated from the various mouse cohorts. For example, E 2 , which is produced by growing follicles and is typically considered a marker of health, was significantly higher in follicles isolated from D49 mice compared with those isolated from D100 and D270 mice on Day 9 of culture. Follicles from D49 mice secreted 9.8 + 1.4 ng/ml of E 2 compared with 5.0 + 0.7 and 3.5 + 0.4 ng/ml secreted by follicles from D100 and D270 mice, respectively ( Fig. 3A , P , 0.001). Follicles from D49 mice also produced significantly higher terminal levels of androstenedione and progesterone compared with follicles isolated from the older mouse cohorts (Fig. 3B and C, P , 0.05). These results indicate that follicles isolated from younger mice produce more steroid hormones compared with equivalently sized follicles isolated from older mice. The androstenedione to E 2 ratio and the progesterone to E 2 ratio calculated from terminal hormone values, however, were not statistically different with respect to animal age (Fig. 3D and data not shown) . These ratios ranged from 0.06 to 0.08 and 0.2 to 0.4, respectively.
Follicles isolated from animals of different weights also varied in hormone production. Follicles isolated from D100* mice produced statistically higher terminal levels of E 2 and androstenedione compared with those isolated from D100 mice (Fig. 3A and B , P , 0.0001 and P , 0.005, respectively) Of note, follicles from D100* mice produced the highest amount of E 2 compared with follicles isolated from all of the other mouse cohorts with levels reaching 12.9 + 2.0 ng/ml at the end of culture (Fig. 3A) . These high E 2 levels could be a result of aromatization of the significantly high levels of androgens produced by these follicles during the culture period (Fig. 3B, 2 .8 + 0.9 ng/ml). The terminal androstenedione to E 2 ratio in follicles from D100* mice was 0.4 + 0.2, and this value was statistically higher compared with follicles isolated from the other cohorts (Fig. 3D, P , 0.0001) .
These results suggest that follicles from D100* mice produce excess androgens in culture.
We also investigated steroid biosynthesis in follicles isolated from mice at different stages of the estrous cycle. E 2 , androstenedione and progesterone secretion increased during the culture period regardless of the specific estrous cycle stage (Fig. 3E-G) . There was, however, a trend that follicles isolated from animals in diestrus produced lower terminal levels of all three steroid hormones (Fig. 3E -G) . The androstenedione to E 2 ratio and the progesterone to E 2 ratio calculated from terminal Day 9 hormone values, however, were not statistically different between the groups (Fig. 3H and data not shown) .
Meiotic competence of oocytes derived from in vitro follicle growth
To determine how animal age, weight and estrous cycle stage impact the quality of the oocytes derived from in vitro follicle growth, we examined the ability of these oocytes to resume meiosis in response to hormonal stimulation. Following in vitro maturation, we noted a degree of oocyte degeneration in all cohorts ( Fig. 4A and B) . Because oocytes were not removed from the follicle prior to in vitro maturation, this degeneration may have occurred during follicular growth and not during in vitro maturation. Therefore, degeneration may be representative of poor follicle quality. We also noted that the percent of oocytes that reached MII never exceeded 50%, which is less than what we reported previously in studies using follicles from prepubertal mice (Xu et al., 2006b (Xu et al., , 2009c Shikanov et al., 2009 ). When we cultured follicles and in vitro matured oocytes from prepubertal mice in parallel to our current studies, we obtained similar results to those published previously (data not shown). Thus, these findings indicate that, in general, follicles from adult mice grown in vitro produce oocytes with a decreased ability to resume meiosis and reach MII compared with those isolated from prepubertal mice.
When we directly compared meiotic progression among follicles isolated from mice of different ages (D49, D100 and D270), we observed a statistically significant age-dependent decline in the percent of oocytes that reached MII (Fig. 4A) ; 38.2 + 6.7% of oocytes from follicles from D49 mice and 39 + 6.3% of oocytes from follicles from D100 mice reached MII compared with only 20 + 5.1% of oocytes from D270 counterparts (P , 0.05). A higher, but not statistically significant, percentage with degeneration was also noted in the D270 cohort compared with the D49 and D100 counterparts (Fig. 4A) . These results are consistent with the welldocumented observation that there is a maternal age-associated decline in oocyte quality (Hassold and Hunt, 2001; Pellestor et al., 2005; Hunt and Hassold, 2008; Broekmans et al., 2009) . Similar to age, weight also appeared to impact meiotic maturation. When we directly compared meiotic progression of oocytes from D100 and D100* follicles, we noted that there was significantly less degeneration in the D100* cohort (Fig. 4A) . However, there was not a corresponding increase in the percent of oocytes that reached MII (Fig. 4A) .
We did not observe any statistically significant differences in meiotic progression in oocytes obtained from mice at different stages of the estrous cycle. However, diestrus mice tended to have follicles that, when grown in vitro, produced oocytes with a reduced ability to reach MII (Fig. 4B) . Only 35.6 + 9.9% of oocytes from follicles isolated at disestrus reached MII compared with 45.7 + 5.4 % and 49.7 + 3.6% in metestrus and estrus. In addition, more degeneration was observed in oocytes derived from follicles isolated at diestrus compared with those at the other estrous cycle stages (Fig. 4B) .
Quality of MII-arrested eggs derived from in vitro follicle growth
To gain a better understanding of the quality of the MII-arrested eggs that resulted from our in vitro maturation studies, we probed spindle morphology and chromosome alignment along the metaphase plate by immunocytochemistry and confocal microscopy (Fig. 4C) . We found that the average pole-to-pole length of MII spindles in oocytes from D270 follicles was 18.1 + 1.0 mm. This length was statistically smaller than that measured in oocytes from either D49 or D100 follicles (Fig. 4D, P , 0.05 ). Similar to increasing mouse age, increasing mouse weight also appeared to correlate with altered spindle morphology. In contrast to age, however, increased weight was correlated with an increase in maximum spindle length (Fig. 4D ). Spindle length in oocytes from D100* follicles was 24.9 + 1.2 mm compared with that in oocytes from D100 counterparts that were 21.9 + 0.9 mm long (Fig. 4D ). There were no significant differences in the MII spindle length when comparing oocytes isolated from follicles from mice at different stages of the estrous cycle (Fig. 4E) .
We next examined chromosome alignment along the metaphase plate because an aligned configuration is necessary for proper chromosome segregation that occurs at fertilization with the completion of meiosis II. If chromosomes are not properly aligned on the meiotic spindle, aneuploidy may result, thus compromising the developmental capacity of the oocyte. Spindles with unaligned chromosomes were scored as those containing one or more chromosomes that deviated from the metaphase plate (data not shown). We found that whereas more than 60% of MII oocytes from D49 (n ¼ 12) and D100 (n ¼ 14) follicles had aligned chromosomes, only 25% (n ¼ 16) of MII oocytes from D270 follicles did. This phenotype was even more severe in MII oocytes from D100* follicles where only 12.5% (n ¼ 8) of the spindles contained aligned chromosomes. Greater than 50% of the MII oocytes from follicles isolated at the different stages of the estrous cycle had aligned chromosomes.
Discussion
In this study, we determined the effects of animal age, weight and cycle stage on the ability of follicles to grow in a hydrogel encapsulation culture system. Using CD-1 mice of different ages, we investigated whether increasing maternal age impacts in vitro follicle growth and oocyte health. In generating mice of distinct ages, we observed that older mice weighed significantly more than younger ones. Our results are consistent with a recent study that demonstrated that standard control laboratory rodents, which are fed ad libitum and lead a sedentary lifestyle, ultimately become obese and glucose intolerant and are at increased risk of premature death (Martin et al., 2010) . Studies purporting to investigate age effects are, thus, likely confounded by the variable of increased weight. Therefore in the current study, we decided to also examine the independent effect of weight on follicle culture dynamics by generating a younger cohort of mice with increased body weight.
Age and weight have profound impacts on both the metabolic and hormonal profiles of the animal. For example, both D100* and D270 mice had increased total serum cholesterol and reduced glucose tolerance compared with controls. AMH levels also differed significantly with age and weight. AMH is a hormone produced by the granulosa cells of growing follicles, and AMH levels are often used clinically as an indirect readout of the ovarian follicle reserve (La Marca and Volpe, 2006) . In humans, AMH levels decrease with age. This drop usually precedes both a fall in inhibin B and rise in FSH but is related to the onset of menopause (de Vet et al., 2002; van Disseldorp et al., 2008; Broekmans et al., 2009) . AMH levels were significantly lower in D270 animals compared with younger controls, and these reduced levels are consistent with fewer secondary follicles obtained at the time of isolation. Thus, similar to the human, the observed decrease in AMH in the D270 mice likely corresponds to a decrease in the number of growing follicles. Inhibin B and FSH levels were similar in the three age categories indicating the negative feedback control of FSH is still intact. Interestingly, a decrease in circulating AMH levels has been measured in obese patients irrespective of age (Freeman et al., 2007; Piouka et al., 2009) . We found that AMH levels in D100* mice were statistically less than in D100 controls. There was also a trend that a fewer number of follicles were isolated from D100* compared with D100 mice. The initial diameter of these follicles was also larger, which is intriguing relative to a recent human study, which demonstrated larger follicles and premature activation of the secondary cohort in PCOS ovary specimens (Stubbs et al., 2007) . Thus, the metabolic and hormonal changes that we report in the mice are similar to those that can occur in older and obese human patients.
Follicles isolated from D100* and D270 mice and grown in vitro were of distinctly poorer quality compared with those isolated from leaner and younger control animals, respectively. Fewer follicles were isolated from D100* and D270 mice compared with controls, and of those follicles that were isolated, fewer survived in culture. When grown in vitro, follicles from these mouse cohorts secreted aberrant hormone levels, contained oocytes with decreased meiotic competence and ultimately produced MII-arrested oocytes with spindle abnormalities and chromosome alignment defects. The decreased ability of follicles isolated from D270 mice to grow in vitro and produce a high-quality gamete is not necessarily surprising given the well-documented maternal-age-associated decline in fertility (Hassold and Hunt, 2001; Hunt and Hassold, 2008; Broekmans et al., 2009) . In addition, similar to our findings in the mouse, in the non-human primate model of in vitro follicle growth, parameters including follicle survival, hormone production and oocyte quality are reduced with increasing animal age (Xu et al., 2010) . In contrast to mouse follicles, however, non-human primate secondary follicles can be categorized into three groups according to their growth rate during a 40-day culture period: no-grow, slow grow and fast grow. The majority of follicles isolated from older nonhuman primates are in the no-grow category (Xu et al., 2010) . Our results suggest that the altered global metabolic and hormonal environment of the animal may translate to poor follicle function and poor gamete quality when follicles from such animal are used for in vitro follicle growth.
Although there are many similarities between follicles isolated from D100* and D270 mice when they are grown in vitro, there are also key differences. For example, follicles from D100* mice secreted larger amounts of androgen and estrogen with a significant shift to androgen relative to estrogen compared with controls. This has important implications because, in cases such as PCOS, the high androgen environment negatively impacts oocyte quality (Teissier et al., 2000) . Oocytes from follicles isolated from D100* and D270 animals differed in their ability to resume meiosis. In addition, the meiotic spindle length in MII-arrested oocytes derived from D100* follicles was larger compared with controls, whereas the spindle length in oocytes derived from D270 follicles was shorter compared with controls. These findings suggest that the mechanisms that lead to reduced follicle quality may be different between aged animals and those with increased body weight. For instance, prolonged meiotic arrest and deterioration of oocyte factors may contribute to the age-associated decline in oocyte quality (Hassold and Hunt, 2001; Hunt and Hassold, 2008) . In comparison, obesity has been linked to an increase in free oxygen radicals that may negatively impact oocyte health (Hassold and Hunt, 2001; Broekmans et al., 2009; Igosheva et al., 2010) . Oocytes from obese mice have altered mitochondrial function, and this has also been reported in oocytes from diabetic mice (Wang et al., 2009; Wu et al., 2010; Robker et al., 2011) . Interestingly, MII-arrested oocytes from diabetic mice also contain spindles that are disorganized and contain unaligned chromosomes (Wang et al., 2009) . Thus, mitochondrial dysfunction may contribute to the observed spindle phenotype in MII-arrested oocytes obtained from D100* mice.
Although follicle function and ultimate gamete quality appeared to be negatively impacted by increased animal age and weight, follicular growth and expansion were not. All follicles, irrespective of which mouse cohort they were isolated from, had nearly identical growth trajectories. In fact, the only cohort in which follicles did not grow beyond the pre-antral stage in vitro were those isolated from the subset of D270 mice that had ceased cycling (data not shown). The start size of the follicles obtained from these animals was significantly smaller, potentially explaining the lack of granulosa cell proliferation. Therefore, in general, the ability of somatic cells to proliferate and organize into an antral structure during in vitro follicle growth should not be used as a sole hallmark in the assessment of follicle and gamete health or quality.
The physical environment of the ovary may contribute to the ageand weight-related changes we observed in follicle function and quality during in vitro follicle growth. Specifically, tissues increase in rigidity or decrease in flexibility during the aging process, and the human ovary becomes more fibrotic as women age (Motta et al., 2002; Laszczynska et al., 2008; Woodruff and Shea, 2011) . Increased mechanical rigidity negatively impacts follicle quality. For example, follicles cultured in vitro using low-stiffness hydrogels had enhanced follicle growth and coordinated differentiation of the oocyte and somatic cells compared with those follicles cultured using high-stiffness hydrogels (Xu et al., 2006b; West et al., 2007) . Qualitative studies in our laboratory have demonstrated that ovaries from both D100* and D270 animals are more rigid than controls (data not shown). Experts blinded to the study condition qualitatively scored the relative rigidity of mouse ovaries based on manual manipulation using a scale of 1-3. The age of the mouse could be predicted 95% of the time by analyzing the gross morphology of the ovary, and D100* animals were identified as the most rigid 93% of the time (data not shown). The mechanisms by which rigidity increases with both animal age and weight and influences follicle quality are currently under investigation.
In general, the impact of estrous cycle stage on in vitro follicle growth and quality was much more subtle than age or weight. Interestingly, the diestrus animals were heavier compared with metestrus and estrus. Diestrus follicles had similar growth patterns but secreted less estrogen and progesterone compared with follicles isolated at metestrus or estrus. In addition, oocyte quality tended to be worse in the diestrus cohort. Others have shown that obtaining unstimulated oocytes at the time of Caesarean Section, tuboplasty or oophorectomy, during a patient's luteal phase had a significantly higher maturation rate than those obtained during the follicular phase (Cha et al., 1992) . Furthermore, a meta-analysis of patients undergoing IVF noted that patients stimulated with human menopausal gonadotrophin with traces of LH in addition to FSH have improved pregnancy outcomes compared with those stimulated only with recombinant FSH, suggesting an impact on follicle and oocyte quality from the specific hormonal environment (Coomarasamy et al., 2008) . Similar to the human 'luteal phase', in the post LH surge, estrus and metestrus cohorts exposure to both gonadotrophins may be important as the next cohort of follicles are recruited. Our work in non-human primates suggests a role of estrous cycle on follicle growth parameters and survival in culture as secondary follicles obtained at follicular phase had improved growth and survival compared with the luteal phase. Yet, the start size of the follicular phase follicles was significantly greater than in the luteal phase, potentially explaining these conflicting findings (Xu et al., 2009c) .
We have demonstrated that follicles isolated from animals with increased weight, of advanced age or in diestrus are not as high quality compared with those from controls when grown in vitro. These follicles have aberrant hormone production and diminished gamete health. Thus, the original physical environment of the follicle within the ovary can impact its function when isolated and cultured. This finding is incredibly important as we translate the in vitro follicle growth technology to a diverse fertility preservation patient population. Patients who seek fertility preservation are of all ages, weight status and menstrual cycle stage and can be smokers, drinkers and taking a variety of medications. Optimizing follicle development in the human, while facing this range of uncontrolled phenotypes is a challenge to the emerging field. Our culture system provides a unique opportunity to modulate the follicular environment, and future studies will be aimed at defining conditions that can potentially correct the metabolic-, age-and cycle-related insults that have occurred in vivo. Taken together, the extension of our success with in vitro follicle growth from the prepubertal mouse to non-human primates to eventually humans, is further enhanced with an understanding of the impact of age, weight and cycle stage on follicle health and oocyte quality in culture.
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